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Glass Composition Suitable for Programmable Metallization Cells and Methods of 

Forming the Same 



The active film on which electrochemical devices such as the Programmable 
Metallization Cell (PMC) are based is typically a germanium chalcogenide glass. The 
PMC device works due to silver diffusion in this film and the drastic change in the 
resistance of the material caused by the electrodeposition of the metal. It is desirable for 
reliable and repeatable device operation that the silver-chalcogenide solid solution is as 
homogeneous as possible. The homogeneity of the starting chalcogenide glass is 
therefore of prime importance. 
m It is known that chalcogen (Ch) rich Ge-Ch glasses are inhomogeneous in that 

O their structure is formed by Ge-Ch corner-sharing or edge-shared tetrahedra and Ch 

chains. The natural tendency during glass synthesis is for them to phase separate, thus 
forming Ge rich or Ch rich phases on the macro-scale. In physical vapor deposition from 
«p a source with this phase-separated structure, the non-ideal composition is preserved in the 

resulting film as the physical vapor will contain the same structural units. If one attempts 
Q silver photodiffusion on a thin phase-separated film so produced, Ag will diffuse with 

p different rates and will react in different ways with the various phases present. This can 

lead to local shortages of the metal and differences in the electrical field distribui ion 
within the film. This is why it is important to produce chaicogen-rich glassy material 
with a homogeneous mesoscopic structure as a source material for physical vapor 
deposition. 

One way to achieve this goal is to take into consideration the thermodynamic 
factors of glass formation for every composition. This requires the following to be 
considered in the glass preparation process: 

I Purity of the material and the ampoules is extremely important. The initial material 
must contain no more than about 0.001% of impurities as these can serve as 
nucleation centers or cause phase separation in the glass. This issue is not discussed 
in the literature as a priory for glass synthesis as it has been shown that chalcogenide 
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glasses can behave as intrinsic semiconductors even with high level of impurities. 
However, for the formation of macrohomogeneous thin films, it is of great 
importance. To ensure that oxygen contamination is minimized, it is also important 
to prepare the ampoules, for example, in the following manner: 

(a) Clean ampoule with hydrofluoric acid, ethanol and acetone. 

(b) Dry ampoule for at least 24 hours at 120 °C. 

(c) Evacuate the ampoule and heat until cherry red and cool under vacuum. 

(d) Fill ampoule immediately with charge and evacuate. 

(e) Heat ampoule, avoiding melting of constituents, to desorb remaining oxygen. 
(0 Seal ampoule 

g 2. The ampoule for the glass synthesis has to have the right volume and wall thickness, 

py The latter has to be optimized in order to avoid explosion, i.e., to ensure that the walls 

/. of the ampoule can withstand the gas pressure at the highest elevated temperature. 

W On the other hand, the wall's thickness has to be as thin as possible to ensure good 

J thermal exchange during the synthesis and quenching. Thin walled quartz (e.g., about 

* Q I mm) is used in the case of Se or Te glass synthesis and medium thick walls (e.g., 

| * out 15 mm ) are used in the case of S. Equally important is that the free volume 

03 has to be adequate; the requirements for the ampoule's volume are that it has to be 

five times as large as the volume of the liquid material. 

3. The temperature regime is dependent on the particular desired glass composition and 
on the nature of the phase diagram. For example, we must ensure that there is 
sufficient time for the chalcogen to react at low temperature with all available 
germanium to avoid explosion at subsequent elevated temperatures (the pressure of 
Se at 920 °C is 10 atm. and 20 atm. for S at 720°C). To achieve this, the synthesis is 
started by ramping the ampoule temperature to about 300 °C (about 200 °C for S) 
over the period of about an hour and than the furnace has to stay at this initial 
temperature for about 1 2 hours. After that, the temperature is elevated slowly 
(around 0.5 °C/min) up to a temperature about 50 °C higher than the liquidus 
temperature and left at this temperature for 12 hours. The temperature is then 
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elevate to 940 °C to ensure that if there is a trace of non-reacted Ge, it will be 
molten too (for S, we may not exceed about 700 °C). This temperature should be 
held for about 24 hours. 

4. Good homogenization is achieved by slow rocking. This is especially important for 
Te-containing glasses. The slow rocking must be done for sufficient time (at least 
about 6 hours) at the highest temperature. No other method of mixing shown in the 
literature can ensure good homogenization. For example, rotation of the ampoule 
(horizontal or vertical) rotates only a thin film of the liquid in close contact to the 
ampoule wall and the rest of the material remains virtually stagnant. If we apply a 
reciprocating motion to the ampoule (also recommended in the literature), then the 
g portion of the material that is in contact with the wall will not undergo 

homogenization. These two methods of mixing will favor phase separation as the 
part of the material with the highest density will remain in much the same position in 
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5. Quenching has to be performed from a temperature at which the vapors and the liquid 
| are in m equilibrium to produce vitrification of the desired composition. With this in 
ffi mind, the quenching temperature should be 50 °C over the liquidus temperature. The 

literature typically shows only one quenching temperature, typically the highest used 
in the synthesis, but in this case, the liquid-vapor equilibrium is completely different 
and the synthesized glass will not have the desired mesoscopic structure and 
composition. 

6. The term "chalcogenide-rich glasses" covers a range of concentrations in which 
under-constrained and over-constrained glasses exist, practically the whole glass- 
forming region in each of the three chalcogenide systems, also crossing the point of 
optimally coordinated glasses. In the case when we are far from the optimal 
coordination, the quenching rate has to be fast enough in order to ensure vitrification, 
i.e., quenching in ice-water or an even stronger coolant such as urea and ice-water 
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should be applied. In the case of optimally coordinated glasses, quenching can be 
performed in air. 

Although the present invention is set forth herein in the context of the drawing 
figures, it should be appreciated that the invention is not limited to the specific form 
shown. Various modifications, variations, and enhancements in the design and 
arrangement of the method and apparatus set forth herein, may be made without 
departing from the spirit and scope of the present invention. 
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PROGRAMMABLE MICROELECTRONIC DE v £CES 
AND METHODS OF FORMING AND PROGRAMMING SAME 



5 Inventors: Miebae! Kozicki 



CROSS REFERENCE TO RELATPH APPLICATIONS 

This application claims the benefit of United States Provisional Application Serial 
Number 60/1 19,757, filed February II. 1999 and International Application Serial Number 
10 PCT/US98/25830, filed December 4, 1998. 



FIELD OF THE INVENTION 



^15 The present invention generally relates to microelectronic devices. More particularly, 

Q the invention relates to programmable microelectronic structures suitable for use in integrated 

y circuits. 

y BACKGROUND OF THE INVENTION 

^20 Memory devices are often used in electronic systems and computers to store 

O information in the form of binary data. These memory devices may be characterized into 
Q various types, each type having associated with it various advantages and disadvantages, 
g For example, random access memory ("RAM") which may be found in personal 

p computers is volatile semiconductor memory; in other words, the stored data is lost if the 
25 power source is disconnected or removed. Dynamic RAM ("DRAM") is particularly volatile 

in that it must be "refreshed" (i.e.. recharged) every few microseconds in order to maintain 

the stored data. Static RAM ("SRAM") will hold the data after one writing so long as the 

power source is maintained; once the power source is disconnected, however, the data is lost. 

Thus, in these volatile memory configurations, information is only retained so long as the 
30 power to the system is not turned off. In general, these RAM devices may be expensive to 

manufacture and consume relatively large amounts of energy during operation of the devices. 

Accordingly, improved memory devices suitable for use in personal computers and the like 

are desirable. 

CD-ROM and DVD-ROM are examples of non-volatile memory. DVD-ROM is 
35 large enough to contain lengthy audio and video information segments; however, information 



can only be read from and not written to this memory. Thus, once a u /D-ROM is 
programmed during manufacture, it cannot be reprogrammed with new information. 

Other storage devices such as magnetic storage devices (e.g., floppy disks, hard disks 
and magnetic tape) as well as other systems, such as optical disks, are non-volatile, have 
extremely high capacity, and can be rewritten many times. Unfortunately, these memory 
devices are physically large, are shock/vibration-sensitive, require expensive mechanical 
drives, and may consume relatively large amounts of power. These negative aspects make 
these memory devices non-ideal for low power portable applications such as lap-top and 
palm-top computers, personal digital assistants ("PDAs"), and the like. 

Due, at least in part, to a rapidly growing numbers of compact, low-power portable 
computer systems in which stored information changes regularly, read/write semiconductor 
memories have become increasingly desirable and widespread. Furthermore, because these 
portable systems often require data storage when the power is turned off, non-volatile storage 
device are desired for use in such systems. 

One type of programmable semiconductor non-volatile memory device suitable for 
use in such systems is a programmable read-only memory ("PROM") device. One type of 
PROM, a write-once read-many ("WORM") device, uses an array of fusible links. Once 
programmed, the WORM device cannot be reprogrammed. 

Other forms of PROM devices include erasable PROM ("EPROM") and electrically 
erasable PROM (EEPROM) devices, which are alterable after an initial programming. 
EPROM devices generally require an erase step involving exposure to ultra violet light prior 
to programming the device. Thus, such devices are generally not well suited for use in 
portable electronic devices. EEPROM devices are generally easier to program, but suffer 
from other deficiencies. In particular, EEPROM devices are relatively complex, are 
relatively difficult to manufacture, and are relatively large. Furthermore, a circuit including 
EEPROM devices must withstand the high voltages necessary to program the device. 
Consequently, EEPROM cost per bit of memory capacity is extremely high compared with 
other means of data storage. Another disadvantage of EEPROM devices is that although they 
can retain data without having the power source connected, they require relatively large 
amounts of power to program. This power drain can be considerable in a compact portable 

system powered by a battery. 

In view of the various problems associated with conventional data storage devices 
described above, a relatively non-volatile, programmable device which is relatively simple 
and inexpensive to produce is desired. Furthermore, this memory Technology should meet the 



requirements of the new generation of portable computer devices by operating at a relatively 
low voltage while providing high storage density, and a low manufacturing cost. 



^ SUMMARY OF THE INVENTION 

The present invention provides improved microelectronic devices for use in integrated 
circuits. More particularly, the invention provides relatively non-volatile, programmable 
devices suitable for memory and other integrated circuits. 

The ways in which the present invention addresses various drawbacks of now-known 
10 programmable devices are discussed in greater detail below. However, in general, the present 
invention provides a programmable device that is relatively easy and inexpensive to 
manufacture, and which is relatively easy to program. 

In accordance with one exemplary embodiment of the present invention, a 
g programmable structure includes an ion conductor and at least two electrodes. The structure 
fyl 5 is configured such that when a bias is applied across two electrodes, one or more electrical 
J*J properties of the structure change. In accordance with one aspect of this embodiment, a 
to resistance across the structure changes when a bias is applied across the electrodes. In 
yj accordance with other aspects of this embodiment, a capacitance, or other electrical 

properties of the structure change upon application of a bias across the electrodes. One or 
€320 more of these electrical changes may suitably be detected. Thus, stored information may be 
~ retrieved from a circuit including the structure. 

2 In accordance with another exemplary embodiment of the invention, a programmable 

structure includes an ion conductor, at least two electrodes, and a barrier interposed between 
at least a portion of one of the electrodes and the ion conductor. In accordance with one 
25 aspect of this embodiment the barrier material includes a material configured to reduce 

diffusion of ions between the ion conductor and at least one electrode. The diffusion barrier 
may also serve to prevent undesired electrodeposit growth within a portion of the structure. 
In accordance with another aspect, the barrier material includes an insulating material. 
Inclusion of an insulating material increases the voltage required to reduce the resistance of 
30 the device to its lowest possible value. Devices including an insulating barrier may be well 
suited for non-volatile memory (e.g., EEPROM) applications. 

In accordance with another exemplary embodiment of the invention, a programmable 
microelectronic structure is formed on a surface of a substrate by forming a first electrode on 
the substrate, depositing a layer of ion conductor material over the first electrode, and 
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depositing conductive unatenal onto the ion conductor material. In accordance with one 
aspect of this embodiment,. a solid solution including the ion conductor and excess conductive 
material is formed by dissolving (e.g., via thermal or photodissolution) a portion of the 
conductive material in the ion conductor. In accordance with a further aspect, only a portion 
of the conductive material is dissolved, such that a portion of the conductive material remains 
on a surface of the ion conductor to form an electrode on a surface of the ion conductor 
material. 

In accordance with»another embodiment of the present invention, at least a portion of 
a programmable structure is formed within a through-hole or via in an insulating material. In 
accordance with one aspect of this embodiment, a first electrode feature is formed on a 
surface of a substrate, insulating materiaf is deposited onto a surface of the electrode feature, 
a via is formed within the insulating material, and a portion of the programmable structure is 
formed within the via. in accordance with one aspect of this embodiment, after the via is 
£j formed within the insulating material, a portion of the structure within the via is formed by 
JUl 5 depositing an ion conducive material onto the conductive material, depositing a second 
M electrode material onto the ion conductive material, and, if desired, removing any excess 

electrode, ion conductor, and/or insulating material. 
W In accordance wtnih a further exemplary embodiment of the invention, multiple bits of 

G information are stored in a single programmable structure. 

|20 In accordance with yet another exemplary embodiment of the present invention, a 

| capacitance of a programmable structure is altered by causing ions within an ion conductor of 
p the structure to migrate. 
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BRIEF DES CRIPTION OF THE DRAWrNr.S 



A more complete understanding of the present invention may be derived by referring 
to the detailed description and claims, considered in connection with the figures, wherein like 
reference numbers refer to similar elements throughout the figures, and: 

Figure I is a cross-sectional illustration of a programmable structure formed on a 
30 surface of a substrate in accordance with the present invention; 

Figure 2 is a cross-sectional illustration of a programmable structure in accordance 
with an alternative embodiment of the present invention; 

Figure 3 is a cross-sectional illustration of a programmable structure in accordance 
with an alternative embodiment of the present invention; 
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Figure 4 is a currem-voltage diagram illustrating current and voltage characteristics of 
the device.illustrated in Figure-3-in an "on" and "off* state; 

Figure S is a cross-sectional illustration of a programmable structure in accordance 
with yet another embodiment of the present invention; 

Figure 6 is a schematic illustration of a portion of a memory device in accordance 
with an exemplary embodiment of the present invention; and 

Figure 7 is a schematic illustration of a portion of a memory device in accordance 
with an alternative embodiment of the present invention. 



DETAILED DRSPRfPTT ON OF RYTRMPLARY EMBODIMENTS 
The present invention generally relates to microelectronic devices. More particularly, 
. the invention relates to programmable structures suitable for various integrated circuit 
applications. 

gl 5 Figure 1 illustrates a programmable microelectronic structure 100 formed on a surface 

U of a substrate 1 10 in accordance with an exemplary embodiment of the present invention. 
w Structure 100 suitably includes electrodes 120 and 130 and an ion conductor 140. 
| Generally, structure 1 00 is configured such that when a bias greater than a threshold 

. voltage (V T ), discussed in more detail below, is applied across electrodes 1 20 and 1.30, the 
jj20 electrical properties of structure 100 change. For example, in accordance with one 
| embodiment of the invention, as a voltage V £ V r is applied across electrodes 1 20 and 1 30, 
conductive ions within ion conductor 140 begin to migrate and form an electrodeposit (e.g., 
electrodeposit 160) at or near the more negative of electrodes 120 and 130. As the 
electrodeposit forms, the resistance between electrodes 120 and 130 decreases, and other 
25 electrical properties may also change. In the absence of any insulating barriers, which are 
discussed in more detail below, the threshold voltage required to grow the electrodeposit 
from one electrode toward the other and thereby significantly reduce the resistance of the 
device is essentially the redox potential of the system, typically a few hundred millivolts If 
the same voltage is applied in reverse, the electrodeposit will dissolve back into the ion 
30 conductor and the device will return to its high resistance state. As discussed in more detail 
below, structure 100 may be used to store information and thus may be used in memory 
circuits. For example, structure 100 or other programmable structures in accordance with the 
present invention may suitably be used in memory devices to replace DRAM, SRAM, 
PROM, EPROM, or EEPROM devices. 



Substrate 1 10 may include any suitable material. For example, substrate 1 10 may 
include semioonductive, conductive, semiinsulative, insulative material, or any combination' 
of such materials. In accordance with one embodiment of the invention, substrate 1 10 
includes an insulating material 1 12 and a portion 1 14 including microelectronic devices 
5 formed on a semiconductor substrate. Layers 1 1 2 and 1 14 may be separated by additional 
layers (not showm) such as, for example, layers typically used to form integrated circuits. 

Electrodes 120 and 130 may be formed of any suitable conductive material. For 
example, electrodes 120 and 130 may be formed of polysilicon material or metal. In 
accordance wkhone exemplary embodiment of the invention, electrodes 1 20 and 1 30 are 
10 formed of metal>nd at least one of electrodes 120, 130 is formed of a metal such as sil ver, 
copper, or zinc that dissolves in ion conductor material 1 40. Having at least one electrode 
formed of a metal! which dissolves in ion conductor 140 facilitates maintaining a desired 
dissolved metal concentration within ion conductor 1 40, which in turn facilitates rapid and 
□ stable electrodeposit 1 60 formation within ion conductor 1 40 during use of structure 1 00. 
yl 5 In accordance with one embodiment of the invention, at least one electrode 1 20 and 

y 1 30 is formed of material suitable for use as an interconnect metal. For example, electrode 
£ 130 may form part of an interconnect structure within a semiconductor integrated circuit. In 
J" accordance with ome aspect of this embodiment, electrode 1 30 is formed of a material that is 
O substantially insoliuble in material comprising ion conductor 140. Exemplary materials 
O 20 suitable for both interconnect and electrode 1 30 material include metals and compounds such 
| as tungsten. nickeH. molybdenum, platinum, metal silicides, and the like. 
O Alternatively, as illustrated in Figure 2, a structure 200, including electrodes 220 and . 

230, and ion conductor 240, may include a barrier layer (e.g., barrier 250), allowing one of 
electrodes 220, 23© to be formed of a material that dissolves in conductor 240. Barrier 250 
25 may comprise any material that restricts migration of ions between conductor 240 and 
electrode 230. Inatccordar.ee with exemplary embodiments of the invention, barrier 250 
includes titanium mitride, titanium tungsten, a combination thereof, or the like. In accordance 
with one aspect oftthis embodiment, barrier 250 is electrically indifferent, i.e., it allows 
conduction of electrons through structure 200, but it does not itself contribute ions to 
30 conduction througfe structure 200. An electrically indifferent barrier may reduce undesired 
dendrite growth during operation of structure 200, and thus may facilitate an "erase" or 
dissolution of electrodeposit 160 when a bias is applied which is opposite to that used to grow 
the electrodeposit iim the first instance. 



Ion conductor 140 is formed of material that conducts ions upon application of a 
sufficient voltage. Suitable materials for ion conductor 140 include glasses and 
semiconductor materials. In one exemplary embodiment of the invention, ion conductor 140 
is formed of chaicogenide material. 
5 Ion conductor 140 may also suitably include dissolved conductive material. For 

example, ion conductor 140 may comprise a solid solution that includes dissolved metals 
and/or metal ions. In accordance with one exemplary embodiment of the invention, 
conductor 140 includes metal and/or metal ions dissolved in chaicogenide glass. An 
exemplary chaicogenide glass with dissolved metal in accordance with the present invention 
10 includes.a solid solution of As^Ag, Ge x Se,. k .-Ag, Ge x S,Mg, As v S, k -Cu, Ge^-Cu. 
GexS^-Cu, other chaicogenide materials including silver, copper, zinc, combinations of 
these materials, and the like. In addition, conductor 140 may include network modifiers that 
affect mobility of ions through conductor 140. For example, materials such as metals (e.g., 
q silver), halogens, halides, or hydrogen may be added to conductor 1 40 to enhance ion 
JJJl 5 mobility and thus increase erase/write speeds of the structure 

M A solid solution suitable for use as ion conductor 1 40 may be formed in a variety of 

| ways For exam P'e, the solid solution may be formed by depositing a layer of conductive 
J" material such as metal over an ion conductive material such as chaicogenide glass and 
□ exposing the metal and glass to thermal and/or photo dissolution processing. In accordance 
g20 with one exemplary embodiment of the invention, a solid solution of As 2 S,-Ag is formed by 
depositing As 2 S 3 onto a substrate, depositing a thin film of Ag onto the As 2 S 3 „ and exposing 
the films to light having energy greater than the optical gap of the As^-e.g, light having a 
wavelength of less than about 500 nanometers. If desired, network modifiers may be added 
to conductor 140 during deposition of conductor 140 (e.g., the modifier is in the deposited 
material or present during conductor 140 material deposition) or after conductor 140 material 
is deposited (e.g., by exposing conductor 140 to an atmosphere including the network 
modifier). 

In accordance with one aspect of this embodiment, a solid solution ion conductor 140 
is formed by depositing sufficient metal onto an ion conductor material such that a portion of 
30 the metal can be dissolved within the ion conductor material and a portion of the metal 
remains on a surface of the ion conductor to form an electrode (e.g.. electrode 1 20). In 
accordance with alternative embodiments of the invention, solid solutions containing 
dissolved metals may be directly deposited onto substrate 110. ■ 
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An amount of conductive material such as metal dissolved in an ion conducting 
material such as chalcogenide may depend on several factors sucfcas an amount of metal 
available for dissolution and an amount of energy applied during the dissolution process. 
Itowever, when a sufficient amount of metal and energy are available for dissolution in 
chalcogenide material using photodissolution, the dissolution process is thought to be self 
limiting, substantially halting when the metal cations have been reduced to their lowest 
oxidation state. In the case of As 2 S 3 .-Ag, this occurs at Ag«As 2 S 3 = 2Ag 2 S + As 2 S, having a 
silver concentration of about 44 atomic percent. If on the other hand, the metal is dissolved 
in the chalcogenide material using thermal dissolution, a higher atomic percentage of metal in 
the solid solution may be obtained, provided a sufficient amount of metal is available for 
dissolution. 

In accordance with one exemplary embodiment of the invention, at least a portion of 
m stnncture 1°0 «s formed within a via of an insulating material 1 50. Forming a portion of 
O structure 1 00 within a via of an insulating material 1 50 may be desirable because, among 
y 1 5 other reasons, such formation allows relatively small structures 1 00. e.g., on the order of 1 0 
y nanometers, to be formed. In addition, insulating material 1 50 facilitates isolating various 
•P structures 1 00 from other electrical components. 

, Insulating material 150 suitably includes material that prevents undesired diffusion of 

g electrons and/or ions from structure 100. In accordance with one embodiment of the 
□20 invention, material 1 50 includes silicon nitride, silicon oxynitride, polymeric materials such 
g as polyimide or parylene, or any combination thereof. 

A contact 160 may suitably be electrically coupled to one or more electrodes 1 20, 1 30 
to facilitate forming electrical contact to the respective electrode. Contact 160 may be 
formed of any conductive material and is preferably formed of a metal such as aluminum, 
25 aluminum alloys, tungsten, or copper. 

A programmable structure in accordance with the present invention, e.g., structure 
100, may be formed in a variety of ways. In accordance with one embodiment of the 
invention, structure 100 is formed by forming electrode 130 on substrate 1 10. Electrode 130 
maybe formed using any suitable method such as, for example, depositing a layer of 
electrode 130 material, patterning the electrode material, and etching the material to form 
electrode 130. Insulating layer 150 may be formed by depositing insulating material onto 
electrode 130 and substrate 1 10, and forming vias in the insulating material using appropriate 
pattanning and etching processes. Ion conductor 140 and electrode 120 may then be formed 
within insulating layer 150 by depositing ion conductor 140 material and electrode 120 
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material within the via. Such ion conductor and electrode material deposition may be 
selective - i.e., the material is substantially deposited only within the via; & the deposition 
processes may be relatively non-selective. If one or more non-selective deposition methods 
are used, any excess material remaining on a surface of insulating layer 1 50 may be removed, 
using, for example, chemical mechanical polishing and/or etching techniques. 

Figure 3 illustrates a programmable structure 300 in accordance with another 
embodiment of the present invention. Similar to structure 100, structure 300 is formed on a 
substrate 3 10 and includes electrodes 320 and 330, and an ion conductor 340. In addition, 
structure 300 includes an insulating barrier 350 interposed between at least one electrode 320, 
330 and ion conductor 340. Insulating barrier 350 may be formed of any material resistant to" 
conduction of electricity. In accordance with various exemplary embodiments of the 
invention, barrier 350 is formed of a metal oxide such as a native tungsten oxide or native 
^ nickel oxide. Alternatively other insulating materials may be deposited onto the electrode. 
O Among other things, barrier 350 may affect an effective threshold voltage of device 300 and 
jjjl 5 prevent an electrical short between electrode 320 and 330 via an electrodeposit (e.g., 
y electrodeposit 360) unless a voltage is applied which is sufficiently high to cause the 
£ insulating barrier to break down. For example, for a given insulating material, the effective 
J" threshold voltage of device 300 generally increases as a thickness of barrier 350 increase, 
□ thus device 300 threshold voltage may be controlled, at least in part, by controlling barrier 
g20 350 thickness. In this case, barrier 350 should be thin enough (i.e., 0 to about 3 nanometers) 
g to allow electrons to tunnel through barrier 350 at a desired operating voltage (e.g . about 
O 0.2V to about 4V). 

In operation, when a sufficient voltage is applied between two or more electrodes of a 
programmable structure (e.g., electrodes 320 and 330 of structure 300), electrodeposit 360 

25 begins to form, through or along an edge of ion conductor 340, from the more negative 
electrode (cathode) (e.g., electrode 330) toward the more positive electrode (anode) (e.g., 
electrode 320). For example, if electrode 330 is coupled to a negative terminal of a voltage 
supply and electrode 320 is coupled to a positive terminal of a voltage supply and a sufficient 
bias is applied between electrodes 320 and 330, electrodeposit 360— e.g.. a metallic 

30 dendrite— will begin to grow from electrode 330 toward electrode 320. 

When electrode 330 is initially coupled to a more negative potential, an electrodeposit 
begins to grow on surface 355 of barrier 350 upon application of a voltage £ the redox 
potential. As a voltage sufficient to breakdown barrier 350 is applied across electrodes 320 



and 330 a short forms between electrodes 320 and 330. When a sufticent reverse bias is 
applied to electrodes 320 and 330,electrodeposit 360 dissolves in conductor 340 and barner 
" " 350 appears to heal itself such that approximately the same effective threshold voltage .s 

required to breakdown barrier 350. Thus, when structure 300 includes an insulattng barner 
5 350, an effective threshold or "write" voltage is governed by breakdown characterist.es (e.g.. 
thickness) of barrier 350. 

Growth and configuration of an electrodepos.t (e.g., electrodeposit 360) and reversal 
of electrodeposit growth generally affect electrical properties of a programmable dev,ce such 
as structures 100-300. In turn, growth and a configuration of the electrodeposit depend on, 
,0 among other things, an applied voltage bias.an amount oftime the bias is applied to - 

electrodes (e.g., electrodes) 320 and 330, and structure geometry. In particular, at relat.vely 
low voltages, electrodeposit growth is relatively slow and tends to concentrate about the 
cathode of a structure, whereas at higher voltages, the electrodeposit grows at a faster rate 
g and tends to be more narrow and span a greater distance between the cathode and the anode, 
fUi5 for a given amount of charge, 

'£ . Once electrodeposit 360 begins to form, electrodeposit 360 will generally 

« form after the voltage source is removed from structure 100. Thus, changes of e.ectncal 
f, properties associated with growth of electrodeposit 360 (e.g., structure 300 capac.tance, 
U reststanc, threshold voltage, and the like) do not vary substantially over time. In other 
S 20 words, the changes in electrical properties ofstructure 100 are relatively non-vo.at,.e. 
" Accordingly, structure 100 may be well suited for memory devices of electronic systems that 
• typtcally employ PROM, EPROM, EEPROM, FLASH devices, and the hke. 

I„ accordance with an alternate embodiment of the invention, the programmable 
structure may be periodically refreshed to enhance data storage integrity. In th.s case, the 
25 structure may be employed in a RAM (e.g. , DRAM) memory dev.ee. 

WRITE OPERATION 

information may be stored using programmable structures of the present invent.on by 
m ani P u.ating one or more electrical properties of the structures. For example, a resistance of 
30 a stature may be changed from a "0" or off state to a "1" or on state during a su.tab.e wnte 
operation. Similarly, the device may be changed from . - 1" state to a "0" state during an 
erase operauon. In addition, as discussed in more detail below, the structure may have 
m ultip.e programmable states such that multiple bits of information are stored m a s.ng.e 
structure. 
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F.gure 4 illustrates current-voltage characteristics of programmable structure 300 in 
.... accordance with the present invention. For the structure illustrated in Figure 4, via diameter 
D, ,s about 4 microns, conductor 340 is about 35 nanometers thick and formed of Ge 3 Se 7 -Ag 
(near As^Se?), electrode 330 is indifferent and formed of nickel, electrode 320 is formed 
of silver, and barrier 350 is a native nickel oxide. As illustrated in Figure 4, current through 
structure 300 in an off state (curve 410) begins to rise upon application of a b.as of over about 
one volt; however, once a write step has been performed (,.*.. an e.ectrodeposit has formed) 
the res,stance through conductor 340 drops significantly (/.*, to about 200 ohms) illustrated 
by curve 420 in Figure 4. As noted above, when electrode 330 is coupled to a more negative 
end of a voltage supply,, compared to electrode 320, electrodeposit 360 begins to form hear 
electrode 330 and grow toward electrode 320. An effective threshold voltage (i.e.. voltage 
required to cause growth of electrodeposit 360 and to break through barrier 350, thereby 
coupling electrodes 320, 330 together) is relatively high because of barrier 350. In particular, 
a voltage V* V T must be applied to structure 300 sufficient to cause electrons to tunnel 
through barrier 350 to form the elctrodeposit and to break down the barrier and conduct 
through conductor 340 and at least a portion of barrier 3 50. 

In accordance with alternate embodiments of the invention illustrated jn Figures 1 and 
2, an initial "write" threshold voltage is relatively low because no insulative barrier is formed 
between, for example, ion conductor 140 and either of the electrodes 120, 130. 

READ OPERATION 

A state of the device (e.g., 1 or 0) may be read, without significantly disturbing the 
state, by, for example, applying a forward or reverse bias of magnitude less than a voltage 
threshold (about 1.4 V for a structure illustrated in Figure 4) for electrodeposition or by using 
a current limit which is less than or equal to the minimum programming current (the current 
which will produce the highest of the on resistance values). A current limited (to about I 
milliamp) read operation is shown in Figure 4. In this case, the voltage is swept from 0 lo 
about 2 V and the current rises up to the set limit (from 0 to 0.2 Vj, indicating a low 
resistance (ohmic/linear current-voltage) -'on" state. Another way of performing a non- 
disturb read operation is to apply a pulse, with a relatively short duration, which may have a 
voltage higher than the electrochemical deposition threshold voltage such that no appreciable 
Faradaic current flows, i.e.. nearly all the current goes to polarizing/charging the device and 
not into the electrodeposition process. 



ERASE OPERATION 

A programmable structure (e.g., structure 300) may suitably be erased by reversing a 
bias applied during a write operation, wherein a magnitude of the applied bias is equal to or 
5 greater than the threshold voltage for electrodeposition in the reverse direction. In 
accordance with an exemplary embodiment of the invention, a sufficient erase voltage 
(V* V T ) is applied to structure 300 for a period of time which depends on the strength of the 
initial connection but is typically less than about 1 millisecond to return structure 300 to its 
"off ' state having a resistance well in excess of a million ohms. Because structure 300 does 
10 not include a barrier between conductor 340 and electrode 320, a threshold voltage for 
erasing structure 300 is much lower than a threshold voltage for writing structure 300 
because, unlike the write operation, the erase operation does not require electron tunneling 
^ through barrier 350 or barrier 350 breakdown. 

D A portion of an integrated circuit 502, including a programmable structure 500, 

UJl 5 configured to provide additional isolation from electronic components is illustrated in Figure 
y 5. In accordance with an exemplary embodiment of the present invention, structure 500 
| - deludes electrodes 520 and 530, an ion conductor 540, a contact 560, and an amorphous 

silicon diode 570, such as a Schottky or p-n junction diode, formed between contact 560 and 
£i electrode 520. Rows and columns of programmable structures 500 may be fabricated into a 
O20 high density configuration to provide extremely large storage densities suitable for memory 
circuits. In general, the maximum storage density of memory devices is limited by the size 
and complexity of the column and row decoder circuitry. However, a programmable 
structure storage stack can be suitably fabricated overlying an integrated circuit with the 
entire semiconductor chip area dedicated to row/column decode, sense amplifiers, and data 
25 management circuitry (not shown) since structure 500 need not use any substrate real estate. 
In this manner, storage densities of many gigabits per square centimeter can be attained using 
programmable structures of the present invention. Utilized in this manner, the programmable 
structure is essentially an additive technology that adds capability and functionality to 
existing semiconductor integrated circuit technology. 
30 Figure 6 schematically illustrates a portion of a memory device including structure 

500 having an isolating p-n junction 570 at an intersection of a bit line 610 and a word line 
620 of a memory circuit. Figure 7 illustrates an alternative isolation scheme employing a 



transistor 710 interposed between an electrode and a contact of a programmable structure 
located at an intersection of a bit line 71 0 and a word line 720 of a memory device. 

As noted above, in accordance with yet another embodiment of the invention, 
multiple bits of data may be stored within a single programmable structure by controlling an 
5 amount of electrodeposit which is formed during a write process. An amount of 

electrodeposit that forms during a write process depends on a number of coulombs or charge 
supplied to the structure during the write process, and may be controlled by using a current 
limit power source. In this case, a resistance of a programmable structure is governed by 
Equation 1, where R*„ is the "on" state resistance, V T is the threshold voltage for 
10 electrodeposition , and I UM is the maximum current allowed to flow during the write . 
operation. 
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^ In practice, the limitation to the amount of information stored in each cell will depend 

Wl 5 on how stable each of the resistance states is with time. For example, if a structure is with a 

in programmed resistance range of about 3.5 kfi and a resistance drift over a specified time for 

Jj each state is about ±250 fi, about 7 equally sized bands of resistance (7 states) could be . 

| formed, allowing 3 bits of data to be stored within a single structure. In the limit, for near 
zero drift in resistance in a specified time limit, information could be stored as a continuum 

20 of states, i.e., in analog form. 

In accordance with yet another embodiment of the present invention, a programmable 
structure {e.g., structure 300) stores information by storing a charge as opposed to growing an 
electrodeposit. In accordance with one aspect of this embodiment, a capacitance of structure 
300 is altered by applying a bias to electrodes 320, 330 {e.g. positive voltage to electrode 320 
with respect to electrode 330) such that positively charged ions migrate toward electrode 330. 
If the applied bias is less that a write threshold voltage (or voltage required to break through 
barrier 350), no short will form between electrodes 320 and 330. Capacitance of the structure 
300 changes as a result of the ion migration. When the applied bias is removed, the metal 
ions tend to diffuse away from barrier 350. However, an interface between conductor 340 
and barrier 350 is generally imperfect and includes defects capable of trapping ions. Thus, at 
least a portion of ions remain at or proximate an interface between barrier 350 and conductor 
340. If a write voltage is reversed, the ions may suitably be dispersed away from the 



interface. A more complete (flescription of a programmable structure tn accordance with this 
. embodiment is provided in Application Serial No. 60/1 19,757, filed February 11, 1999, the " 
entire contents of which are imcorporated herein by reference. 

A programmable structure in accordance with the present invention may be used in 
5 many applications which woufld otherwise utilize traditional technologies such as EEPROM, 
FLASH or DRAM. Advantages provided by the present invention over present memory 
techniques include, among ot&er things, lower production cost and the ability to use flexible 
fabrication techniques which are easily adaptable to a variety of applications. The 
programmable structures of tfee present invention are especially advantageous in applications 
10 . where cost is the primary concern, such as smart cards and electronic inventory tags. Also, 
an ability to form the memory directly on a plastic card is a major advantage in these 
applications as this is generally not possible with other forms of semiconductor memories. 
Further, in accordance with the programmable structures of the present invention, 
jjjj memory elements may be seated to less than a few square microns in size, the active portion 
ryi 5 of the device being less than om micron. This provides a significant advantage over 

traditional semiconductor techraologies in which each device and its associated interconnect 
y can take up several tens of square microns. 

IJ1 Although the present invention is set forth herein in the context of the appended 

' Q drawing figures, it should be appreciated that the invention is not limited to the specific form 
jftO shown. For example, while the programmable structure is conveniently described above in 
gj connection with programmable memory devices, the invention is not so limited. l ; or 
j~ example, the structure of the pnesent invention may suitably be employed as a programmable 
active or passive devices withhn a microelectronic circuit. Various other modifications, 
variations, and enhancements an the design and arrangement of the method and apparatus set 
25 forth herein, may be made without departing from the spirit and scope of the present 
invention as set forth in the appended claims. 



